Abstract: A generalized non-local polymerization driven diffusion (NPDD) model is presented, which includes the effects of absorption and inhibition. Experimentally obtained growth curves are fit using a four-harmonic numerical fitting algorithm and key material parameters are extracted.
INTRODUCTION
To obtain the full potential of photopolymer materials for holographic data storage requires quantitative insight into the processes present during gratin fabrication. Developing accurate theoretical models, which are validated using reproducible experimental data sets, will allow crucial material parameters to be identified and controlled.
A study of the photochemical kinetics involved during holographic recording in our Acrylamide (PVA/AA) based photopolymer has been presented previously.
1,2 Our specific aim is to increase our understanding of what takes place inside the photopolymer material during exposure, i.e. to explain the effects of the variation of the absorbance of the photosensitive dye with time, 3, 5 and the suppression of monomer radical production due to the presence of inhibitors. [5] [6] [7] We thus aim to extend the validity of our Non-Local Photopolymerization Driven diffusion (NPDD) model, [8] [9] [10] [11] [12] based on a deeper understanding of the photochemical and mass transport effects.
THE PHOTOCHEMICAL PROCESSES
We begin by discussing radical chain polymerization with the assumption of bimolecular termination. 11 In particular we examine polymerization due to photo-initiation and examine the effect on excited dye molecules due to the presence of inhibitors such as oxygen. Furthermore we include the effect of a time dependent transmittance, 4, 12 which describes the change in the material (dye) absorption during grating growth. Free radical polymerization involves three steps: initiation, propagation and termination. The initiation step is considered to involve two primary reactions. The first is the production of free radicals by homolytic dissociation of an initiator or catalyst species I to yield a pair of radicals R [I is the initiator concentration. 1, 13 The second part of the initiation involves the addition of this radical to the first monomer molecule, M, to produce the chain-initiation
where k i is the initiation rate constant. The radical
M then propagates by bonding with monomer molecules to form long polymer chains with an active tip known as a macroradical.
where k p is the propagation rate constant and
• n M is a macroradical of n monomeric units, where a monomeric unit is the largest constitutional unit contributed by a single monomer molecule.
14
The initiator consists of a photosensitive dye (Dye) and a reducing agent. The dye can become excited in the presence of a photon and when excited can accept an electron from the reducing agent, i.e. a tertiary amine (Triethanolamine, ED), 15 and can then produce a free radical, R • . When the dye molecule (Dye), is exposed to the light of a suitable wavelength, it absorbs a photon of light and is promoted to a singlet excited state, 1 Dye
•15
(5) The singlet-excited dye can return to the ground state by radiationless transfer to another molecule such as the electron donor, (ED). This process is known as fluorescence quenching 16 as can be seen in Figure 1 . .
ED
(7) The singlet state can also undergo inter-system crossing into the more stable and longer-lived triplet state (see Figure 1 ), 3 Dye, 1, 13 where (9) The dye molecules can also undergo a reaction whereby it abstracts two hydrogen molecules from the electron donor to form the transparent (leuco) form of the dye. 1, 13 The actual production of free radicals takes place when the triplet state dye reacts with the electron donor. The electron donor donates an electron to the excited 'triplet state' of the dye leaving the dye with one unpaired electron and an overall negative charge.
(10) The electron donor radical cation then loses a proton and becomes a free radical
(11) The rate at which Eq's (10) and (11) occur is R d in Eq (2) . When the Acrylamide monomer is present the free radical can undergo two different reactions. The first possible reaction is the initiation of the monomer radical
(12) The second reaction the radical can undergo is dye bleaching. This occurs when the dye radical formed abstracts a hydrogen molecule from the electron donor free radical. An unstable electron donor intermediate and the transparent di-hydro dye are formed in this reaction. The unstable intermediate then rearranges to form a more stable intermediate. Dye bleaching is an important process because it allows a grating to be fixed after recording. By bleaching any remaining dye no extra free radicals can be formed. This results in the grating being transparent. 1, 13 As can be seen in Figure 1 , when the photosensitive dye absorbs light it is promoted to the corresponding electronically excited states; the singlet excited state, 1 Dye, or the triplet state Dye. Eq (13) shows that the longer life state, 3 Dye, can be deactivated by the presence of initially dissolved ground state molecular oxygen,
The rate at which this process occurs is k ρ, and the rate of removal of excited dye can be expressed as shown in
where R ρ is the rate of removal of excited triplet state dye molecules by the dissolved oxygen in the material. This process causes a reduction in the amount of available excited dye molecules, which are responsible for the production of initiator radicals, which therefore causes an overall reduction in the rate of polymerisation.
Moreover, the inhibiting 3 O 2 can also react with the initiating primary radicals, formed through electron-proton transfer processes, see Eq (10) and Figure 1 , and during the growth of macroradicals,
• n M , as in Eq (4), which then give rise to inert products, (
where Z is the inhibitor present, i.e.
3 O 2 and k z is the rate constant for the inhibition process. 13 Z acts either by adding to the propagating radical to form
• Z M n , or by chain transfer of hydrogen or other radicals to yield
• Z and the polymer chain n M . 13 The rate of monomer radical scavenging, R z, , can thus be expressed as
The kinetics' of this process are simplified if one assumes that
and also that they terminate without regeneration. All these possible oxygen-consuming reactions tend to suppress the creation of radicals and stop polymer chains from growing, therefore slowing the rate of polymerization resulting in an inhibition period. 13 In this paper we assume that the effect of inhibition during the fabrication process is primarily due to the dissolved oxygen present in the material and that the inhibition period ends when all the dissolved oxygen has reacted.
The frequency of encounters between the free radicals is another factor determining the rate of polymerization. This can be accounted for using the 'Cage Effect'. 9, 13 It is simply assumed that only some fraction f of the free radicals produced react with monomer (in the starting reaction) because the PVA matrix physically restricts access. From Eq's (2), (10), (11) and (14) we see that the rate of production of free radicals, R d , responsible for the production of monomer radicals in the presence of oxygen, is given by
where ]
[I is the initiator concentration. From Eq (3) the rate of production of monomer radicals, R i , can be • R is the primary radical concentration. In general the rate of production of monomer radicals, R i , is much greater than the rate of production of free radicals, R d , therefore initiator radicals are consumed as fast as they are generated. The fundamental rate-determining step is thus the decomposition of the initiator. Initiator radicals are consequently formed with a rate
(18) Thus the rate of monomer radical generation, R i is equal to the chain initiation rate and
(19) Chain growth would continue in this way until the supply of monomer is exhausted were it not for the strong tendency of radicals to react in pairs to form paired-electron covalent bonds with a resulting loss of radical activity. At sufficiently low initiator concentrations, chain termination will occur mainly by combination, The steady state assumption for the radical concentration, applied to the combination of Eq's (15b), (19) and (22), leads to
If it is assumed that much more monomer is consumed due to polymerization than is consumed in the initiation reaction, then the rate of polymerisation from Eq (3) is given as 
(28) These equations show that the rate of retarded polymerization is proportional to the first power of the initiation rate. Furthermore, p R , is inversely dependent on the inhibitor concentration. We have observed that the induction period of inhibited polymerization is directly proportional to the concentration of inhibitor. It is reasonable to assume that the rate of change of the inhibitor concentration [ ] Z will decrease with time and be
The constant of direct proportionality will be a function of the absorbed intensity, I a , and the number of radicals (30) t i is referred to as the inhibition time or the period of inhibition and is directly measured from the experimental growth curves, (time until first non-zero diffraction efficiency measurement after start of exposure). The c parameter is estimated from fits to the experimental data. Solving the quadratic equation in Eq (25) for R p , and choosing the root which was physically reasonable, gives
Examining the photochemical formation of free radicals, there are a number of initiation mechanisms, 17 many involving a photochemical electron transfer reaction. If we re-examine the way in which the monomer radicals are formed we see that they are dependent on the quantity of free radicals formed per photon absorbed and the intensity of the light used for recording. As the inhibitor present indirectly consumes some of the absorbed photons, there is a resulting reduction in the number of free radicals available for the initiation of monomer radicals, and thus available for the formation of polymer chains. Therefore the rate of initiation, R i , is given by
where ' Φ is the number of radicals produced per photon absorbed, R ρ ' is the number of radicals removed per photon absorbed due to the presence of inhibitor and I a (t) is the intensity of light absorbed in moles of light quanta per litre per second. 4, 10, 13 We assume co-sinusoidal spatially modulated illumination, 18, 19 where V is the fringe visibility, K = 2π/Λ, the grating vector magnitude, and Λ is the grating period. The concentration of photosensitizers, is related to the absorbed intensity by de Beer's Law:
where ε is the molar absorptivity, P s (t) is the time dependent concentration of the photosensitizers (initiators) and d is the photopolymer layer thickness. Since the concentration of photosensitizers is a function of time, the absorption of the layer, A(t) also depends on time. [2] [3] [4] 12 In this section we have derived rate equations governing the photochemical processes involved in grating formation, which includes a term to explicitly account for radical suppression due to the effect of an inhibitor, i.e. oxygen. Time dependence for the absorbance of the photosensitive dye and photo-initiators is also included. 3 
3.
NON-LOCAL POLYMERIZATION DRIVEN DIFFUSION MODEL In this section, extending our previous work, 4 we incorporate the presence of inhibition and time varying absorption effects in the material, into the NPDD model. [7] [8] [9] [10] [11] A dry photopolymer layer typically consists of monomer, binder, cross-linker, an electron donor and a photoinitiator. 1, 12 As the material is exposed to the recording beams, the monomer is polymerized, and the amount of polymerized monomer increases with exposure. In our material more monomer is polymerized in the bright fringes of the interference pattern than in the dark fringes. This results in a higher concentration of monomer in the dark regions than in the bright, and therefore a spatial monomer concentration gradient. The excess monomer will tend to diffuse into the bright regions. [7] [8] [9] [10] [11] In Section 2 we derived the rate of polymerisation In this paper we assume that the main contributor to the observed inhibition effects arise due to the scavenging of the monomer radicals. The number of free radicals removed per photon absorbed due to the presence of inhibitor, R ρ is therefore set to zero.
In standard notation the general 1-D NPDD equation governing the evolution of the monomer concentration distribution becomes 7-9,11 is the non-local material response function and β is the mode of termination. [7] [8] [9] 11 The non-local response function represents the effect of initiation at location x' and t' on the amount of monomer being polymerized at location x and time t. [7] [8] [9] 11 Assuming rapid chain growth, compared to other temporal effects, we can neglect the time non-locality and let the non-local response function be R(x, x ' ), [7] [8] [9] 11 in this way assuming an action-at-adistance in our response. We assume a Gaussian spatially non-local material response function
where σ is the normalised non-local response parameter. [7] [8] [9] 11 The diffusion constant is defined by the expression
where D 0 is the initial diffusion constant and α is the diffusion coefficients decay parameter. [7] [8] [9] 11 The NPDD equations governing the bimolecular termination case, (β = 1), have been derived elsewhere. [7] [8] [9] 11 Assuming that four harmonics provide a sufficiently accurate approximation, the monomer distribution is assumed to be well described and have been derived and presented elsewhere. [7] [8] [9] 11 In numerically calculating the polymer harmonic concentrations, the higher order harmonics of monomer concentrations were assumed to be negligible. Again as in the case of the monomer harmonics the polymer harmonic amplitudes are calculated numerically. Electromagnetic coupled wave theory predicts a relationship between the diffraction efficiency, η, and the refractive index modulation, ∆n, of a thick sinusoidal transmission phase grating. If N 1 alone determines the first harmonic amplitude of the grating refractive index modulation, then ∆n(t) = CN 1 (t) for some constant C. 11 We note however that a much more complex relationship exists between the monomer and polymer concentrations and the various harmonic amplitudes ∆n i . 11 
EXPERIMENTAL RESULTS, NUMERICAL FITTING AND PARAMETER ESTIMATION
Previous studies examining the effects of inhibition [4] [5] [6] have been carried out to determine the effects of exposure intensity changes, the effects of pre-exposure and the effects of cover-plating (sealing). In the analysis presented in this paper we have modified the NPDD model to account for both the change in the absorption of the material with time and the presence of inhibition due to oxygen. We have also adjusted our previous inhibition model 4, 5 to include the process of monomer radical scavenging by the inhibitor. 6 In this Section we aim to increase the validity of our model by fitting experimentally obtained data and extracting key material parameters.
Using a standard holographic set-up, 1, 12 (exposing at 532nm and probing at 633nm), for recording 1000 lines/mm unslanted transmission gratings, we obtained a set of growth curves for 3 different exposure intensities: (1) 1.5mW/cm 2 , (2) 3.9mW/cm 2 , (3) 4.8mW/cm 2 . In each case the material was prepared in the manner described in Section 3, with Erythrosin B as the photosensitive dye. Numerical fits to the experimental data were performed using our adjusted 4 harmonic NPDD model and applying a numerical fitting algorithm. [7] [8] [9] A comparison between the data and the resulting fits are presented in Figures 1. We fit the experimental data by first substituting 'known' parameter values into our equations and then iteratively testing the fit quality over reasonable ranges of the unknown parameters. In this way estimates for D, κ, S, R, t i , and the constant C are extracted. The chosen values used in the fitting algorithm were, [Z 0 ] = 0.005g/l, f = 0.1, V = 1, γ = ½, α = 0, and k z = 3×10 3 cm 2 mWs -1 . The characteristic parameters measured and those extracted from the fits to the experimental data presented in Figure 1 are given in Table I Table I : Directly measured and estimated parameter values. The transmittance function constants were produced from fits to the transmitted intensity of the two exposing beams measured during exposure.
In order to perform a stability analysis of our fitting procedure, and also to provide error ranges to these estimated parameter values, we applied our fitting procedure to data sets artificially generated by adding and subtracting 5% of the measured value to the data points. In these artificial cases the MSE values were significantly larger than for the data sets and this is reflected in the ranges of MSE values presented in 
